ABSTRACT The battery degradation tests under various stress are critical to understand the relationship between the battery lifespan and the external factors. This paper establishes a battery test bench, which can provide not only the 6-six degree of freedom (DOF) vibration stress but also the charge-discharge stress. By conducting lithium-ion batteries under 6-DOF vibration stress and other reference experiments, the electrochemical impedance spectroscopy (EIS), internal resistances, thermal measurement, open circuit voltage (OCV) recovery and capacity of the cells are compared to determine the impact of the 6-DOF vibration stress on the cells. The experimental results show that the vibration stress increases the ohmic resistance, and also causes a higher heat release. In addition, the cells under vibration stress exhibit a higher capacity fade and a lower OCV recovery rate, while the internal impedance is also changed with vibration stress. In order to quantize the effect of the vibration stress on battery degradation, the analysis of variance (ANOVA) is calculated. The conclusion is that the vibration stress has little impact on the cell polarization resistance, while it significantly affects the ohmic resistance, OCV recovery, thermal measurement, and capacity of cells, respectively.
I. INTRODUCTION
With the popularization of lithium-ion batteries in hybrid electric vehicles and electric vehicles (HEVs, EVs), further research of the cells' performance is necessary to avoid battery failure during driving [1] - [3] .
However, faults of lithium-ion batteries lead to not only serious inconvenience and enormous maintenance cost, but
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In order to investigate the performance or characterization of battery under vibration stress, several scholars have done similar research work. In [8] , a new vibration test methodology was proposed to understand the attribution of 6-DOF vibration stress to the electromechanical performance of nickel cobalt aluminium oxide (NCA) 18650 cells. And the electrical and mechanical degradation post were quantified under vibration stress. With porous graphene oxide-nickel (pGO-Ni) electrode and ionic solution, a novel method converting vibration energy to EV was presented [9] . In [10] , test profiles were used to provide batteries with stress and capacity measurement, impedance spectroscopy, micro-X-ray computed tomography and post mortem analyses were utilized to reveal how lithium-ion batteries are affected by vibration and shock. Considering electrodynamic vibration system model and vibration test, the vulnerable part for fatigue failure of a 12 V/75 Ah valve regulated leadacid battery was uncovered under scanning electron microscope (SEM) [11] . The contributions of [12] are investigating how proton exchange membrane fuel cells (PEMFCs) are affected under shock and vibration, and comparing effects of four kinds of vibration: shock, harmonic, random, and real-world vibration. Due to prestress and battery parameters difference, a new numerical methodology was proposed and the Monte Carlo simulations are used to test the effects of cell-to-cell variations [13] . Considering intercalation and multiple swelling sources about driving conditions, a 1-D phenomenological force model of lithium-ion cell was developed, which contributes to investigating dynamic states of cells and packs [14] . The phenomenon that external vibrations lead to the internal destruction of the cells was found. In addition, the effect of vibration on the parameters and mechanism of cells was investigated [15] . And some articles concentrated on charge-discharge protocols to reveal how batteries perform under different rates [16] - [18] .
However, it is not enough for testing battery that only vibration stress or aging stress was taken into consideration. Combined the charge-discharge process with the vibration stress, the performance and degradation of lithium-ion batteries under single DOF vibration stress and aging stress were investigated, and the prognosis for residual useful life of cells was developed [19] - [20] .
Nevertheless, prior researches on the above mentioned factors (i.e. only single DOF vibration stress or aging stress was applied to batteries) on performance and the characteristics of the LIBs are limited in amount and scope. Especially, the impact of 6-DOF vibration stress on the battery is often neglected. Hence, in this paper, 6-DOF vibration stress was applied to batteries and EV test profile was applied to the lithium-ion cells for aging stress, both of which are to simulate the real-world driving environment.
In our view, the main contributions of this paper as follows:
1) The experimental bench under 6-DOF vibration stress and aging stress was established, which not only provides 6-DOF vibration stress but also conducts the aging test.
2) By conducting four experimental profiles, the characteristics of the cells under different tests, including EIS, internal resistances, thermal measurement, OCV recovery and capacity, were investigated. In addition, these characteristics were compared to determine the impact of 6-DOF vibration stress and aging stress on the cells.
3) Based on ANOVA, the impact of the vibration stress with aging on cells was proved statistically.
The rest of this paper is organized as follows. In Section 2, the experimental setup and performance tests are introduced; Section 3 exhibits the test results from the aspects of initial characteristics, internal resistances, internal impedance, thermography and temperature measurement, OCV recovery and capacity degradation; According to analysis of variance (ANOVA), these characteristics can be compared statistically to determine the impact of the vibration stress with aging on cells in Section 4; The conclusion and prospects are in Section 5.
II. EXPERIMENTS
The battery testing instrument Arbin LBT-60V100A, internal impedance testing instrument Solartorn Analytical EnergyLab XM, thermal recorder TOPRIE TP900 (Shenzhen, China), thermography camera FLIR T420 and 6-DOF vibration stress environment platform RUISUN (Jiangsu, China) were used to construct this experimental bench as Figure 1 . The 15 cylindrical lithium-ion cells LR16850EH LISHEN (Tianjin, China) were chosen as the test samples in this experiment.
The function of these parts in this experimental system is as follows:
(1) Arbin LBT-60V100A: conduct charging-discharging protocol.
(2) Solartorn Analytical EnergyLab XM: test the internal impedance.
(3) TOPRIE TP900 (Shenzhen, China): record thermal measurement.
(4) FLIR T420: reveal thermography. (6) LR16850EH LISHEN (Tianjin, China): as experimental object and the nominal specifications is as Table 1 . In order to demonstrate the merits of this experimental bench, characteristics contrast of experimental bench between this paper and some others is shown in Table 2 .
III. EXPERIMENTAL PROFILE A. INTERNAL CHARATCTERISTICS TEST
Before the experiments, it is necessary for those batteries to be conducted three cycles to activate themselves. In order VOLUME 7, 2019 FIGURE 1. The experimental bench under 6-DOF vibration stress and aging stress. to certify the initial quality of the tested batteries, these cells were conducted the capacity test and internal resistance test. According to the Ref. [21] , [22] , the resistance shown in Figure 5 is internal resistance (DC) at 0% SOC after those batteries were conducted three cycles to activate themselves.
B. VIBRATION TEST
In order to simulate the vibration stress of EV, the vibration stress system is shown in Figure 1 . The spectrum extracted from real-world road collection in Figure 2 was the input of the vibration stress environment platform. Especially, charging was performed without vibration stress, but discharging was with that [23] .
C. AGING TEST
According to [24] , [25] , this test profile as Figure 3 are applied to the cells.
Charge step: charge at a 1C constant current rate until the cell voltage reached end of charge voltage 3.65V. Then cell was charged at constant voltage of 3.65V while tapering the charge current. Charge was terminated when the charging current has tapered to 0.02C. Rest step: rest for 30min. In order to simulate the driving conditions including four types of speed stages: constant, idle, acceleration and deceleration, discharge step is shown in Figure 3 . The cycle lasts about 3.5h.
D. STATIC TEST
As a reference, the cells under this test were not subjected to any stress including vibration stress or aging stress.
The experimental profile is shown in Table 3 . 
IV. TESTS INTRODUCTION
To investigate the varying performance of lithium-ion batteries under different tests, the following tests dependent on the experimental bench introduced in Section 3 were conducted in this paper. 
A. INTERNAL IMPEDANCE TEST
To investigate the changes on the impedance resistance of cells, the EIS measurement was conducted as rang from 100 kHz to 0.01Hz at AC every ten cycles.
B. OHMIC RESISTANCE TEST
The internal resistance is regarded as one of the crucial parameters for understanding the kinetic characteristics of the cells. And ohmic resistance represents the effects of resistances of the electrodes and electrolyte of the battery. According to the Ref. [21] , [22] , the ohmic resistance R o can be extracted from the intersection of the EIS.
C. TEMPERATURE TEST
To reveal the impact of the temperature on cells, this thermal measurement was conducted every ten cycles.
D. CAPACITY TEST
Firstly, the capacity test was under 25 • C. Secondly, the tested batteries were conducted at 0.2C under normal CCCV protocol. The cut-off current at the CV stage is 0.02C. Then, the tested cells were discharged at 0.1C, the cut-off voltage is 2.0V.
V. RESULTS
To reveal the varying performance of lithium-ion batteries under different tests, the tests results in Section 4 are shown as follows. capacity test and the internal resistance test. According to Figure, the capacities of the selected batteries are 1.5301 ± 0.0176 Ah (±1.15%) and the resistances of the batteries are 0.0555 ± 0.0034 (±6.12%). Based on minute variances and the normal distributions of the capacity and resistance, the initial quality of the selected cells was qualified.
B. INTERNAL IMPEDANCE
The intersection of the curve and Im {Z } = 0 represents the ohmic impedance (R o ) in the solution that contains the ohmic impedance of the electrode surface to the liquid surface and the activated carbon tunnel on the electrode. R o is used to evaluate electrolyte degradation, which can be calculated through interpolation of the two neighboring frequency points and below Im {Z } = 0.
The inductive behavior is shown in the lower part of the spectrum, which is regard not subject to aging. As for upper part of the spectrum, there are a distorted semicircle and a straight line with slope at the right terminal. This semicircle demonstrates limitations due to the passivation layers and the charge transfer resistances at both electrodes and double layer capacities. This sloping line exhibits the diffusion resistance of the electrolyte ions in the pores of the electrode and the internal contact resistance (the called identifiable Warburg resistance) [26] , [27] . Figure 6 displays the Nyquist plot of EIS spectra for the cells under different tests.
#A Cell and #B Cell display more changes than #C Cell and #D Cell between initial and after 200 cycles. In addition, #B Cell shows a smaller slop than #A Cell, and #A Cell exhibits a larger semicircle than #B Cell. Meanwhile, there is no obvious changes in distorted semicircle, however, a bigger semicircle occurs to #A Cell. #C Cell and #D Cell shows the small variances of internal impedances between the vibration test and the static test for 200 cycles. That the changes about kinetic and mass transfer may have taken place can account for these differences between #A Cell and #B Cell.
C. OHMIC RESISTANCES
According to the calculation of the ohmic resistance test, the Figure 7 [28] .
D. THERMAL MEASUREMENT
The thermal failure has an important impact on battery performance. Hence, the impact of vibration stress on thermal feature for cells is revealed as in Figure 8 . And thermography of #A Cell and #B Cell at the same moment is displayed in Figure 9 . The chemical reactions occurring inside the lithium iron phosphate battery are as follows:
(1)
During the process of discharge, the heat generated inside the battery is mainly composed of this four types of heat: reaction heat, Joule heat, polarization heat and side reaction heat. According to the principle of heat transfer, there are three ways to transfer heat: conduction, convection and radiation. Usually inside the battery, due to the weak flow of the electrolyte, the internal heat convection is negligible. And the heat radiation is also weak. Therefore, the heat that is transferred from the inside of the battery to the case by heat conduction. When exchanging heat with the outside world, the main method is heat convection. The maximum difference of the heat is 9.60% and 8.77% for the #A Cell and #B Cell [29] - [32] . Additionally, Figure 9 displays the small variance in the distribution of heat for the cells. According to the principle of heat transfer, the vibration stress may affect the flow of electrolyte inside the battery, resulting in the release of more heat [33] - [35] .
E. OCV RECOVERY
OCV is regarded to have close relationship with the natural properties determined by the Gibbs energy in the electrochemical reactions of lithium-ion battery OCV displays the difference between the electrodes' potentials when current is cutoff in the battery. And OCV recovery in this paper is used to describe the phenomenon that terminal voltage changes during the relaxation time. To analyze the impact of vibration stress on OCV recovery, the OCV recovery rate from the beginning and end of the last rest step (about 8 min) was extracted as Figure 10 . Owing to aging, the capability of OCV recovery is attenuated, especially #A Cell has a poorer performance on OCV recovery than #B Cell. Other than this, the cutoff voltage of #A Cell is lower than #B Cell during the discharging process, for which #A Cell is considered to have more capacity consumption than #B Cell [36] , [37] .
Since the OCV of the lithium-ion battery depends on the electrode material and the amount of lithium particulate embedded in the electrode material. For the positive electrode, it refers to the lithium particulate stored in the gaps of the material. When discharge is in process, lithium particulates turn to lithium ions and flow out of the gap. And when the battery is charged, lithium ions are changed back VOLUME 7, 2019 to the lithium particulates and embedded in the gap of the positive electrode material. However, the principle of above process for the negative electrode material is opposite. Hence, it may be concluded that vibration stress have impact on the process of OCV recovery [38] , [39] . 
F. CAPACITY DEGRADATION
To investigate the effect of vibration stress on cycle life, cells under different tests for 200 cycles were compared, and the results are shown in Figure 11 . During the first 80th cycle, the capacity fade of the cells is similar. After that, the capacity fade of #A Cell is faster than #B Cell. The Figure 11 Capacity fade is mainly affected by factors as follows [40] - [42] : 1) Changes in the structure of the positive electrode material.
LiFePO4 has an olivine structure and belongs to the orthorhombic crystal, the Pumb space group. The chargedischarge reaction of it is carried out between LiFePO4 and FePO4. The current research shows that the changes in the structure of the positive electrode material LiFePO4 is small during the cycle. Therefore, for the sample of this paper, the main reason for the capacity fade is not the changes in the structure of the positive electrode material.
2) Changes in the structure of the negative electrode material.
There are four forms about the changes in the structure of the negative electrode material: firstly, solvated lithium ion intercalation reaction or solvent co-intercalation reaction, causing damage to the structure of the graphite and resulting in interruption of electronic conductivity. Secondly, formation of solid electrolyte interface (SEI), especially excellent SEI with electronic insulation, passivating graphite. Thirdly, the above two cases occur to battery together, the graphite is passivated, and part of the structure is destroyed.
3) Dissolution of the active substance. The dissolution of metal elements leads to a decrease in the amount of active substances, which directly affects the capacity loss. Besides, the dissolution of the positive electrode material has impact on the electron transport. What's more, the metal ions in the electrolyte are converted into metal forms, affecting the thickness and stability of the SEI and resulting in an increase in electrode surface polarization. The internal resistance increases finally.
4) Consumption of the lithium ion. Some of the lithium ions are consumed by SEI, which are irreversible for capacity loss.
5) Increases of the internal resistance. The oxidation reaction occurs to the electrolyte in the interface of the electrode/electrolyte, leading to an increase in internal resistance of the battery. Moreover, dissolution of metal ions in the positive electrode and formation of metal deposition in the negative electrode are also responsible for an increase in internal resistance.
It is believed that vibration stress may affect some of these above factors, thereby accelerating capacity fade.
VI. STATISTICAL ANALYSIS
The results shown in Section 5 is qualitative analysis, so the ANOVA was used to evaluate the statistical results for the characteristics of the cells to quantify the impact of 6-DOF vibration stress with aging stress.
Section 5 exhibits the cell characteristics in different test, including the internal impedance, internal resistance, thermal measurement, OCV recovery rate and capacity. The characteristics of #A Cell can be compared with the #B Cell to determine the impact of the vibration stress on cells, which is so-called the ANOVA in the statistical field.
The variance of the cell characteristics in different tests (CC different ) is calculated as Formula (3):
where n i is the sample number in group i, x i represents the average of cell characteristics in group i, x represents the average of all tested cells characteristics.
The variance of the cell characteristics in the same test (CC same ) is calculated as in:
where x ij represents the j cell characteristics in group i, x i represents the average of cell characteristics in group i.
According to the ANOVA, DOF should be taken into consideration. Therefore, mean squares (MS) is defined VOLUME 7, 2019 as follows:
And value F of Fisher-test can be calculated as follows:
Then p value can be derived from p-value table based on F value and the DOF of the both numerator and denominator in Formula (7). The p value determines whether the vibration stress is ''statistically significant'' to the cell. Generally, the vibration stress is significant when the p value is less than 0.05 [43] , [44] . Table 4 and Table 5 exhibit the statistical results for the characteristics of the cell before experiment and under the 6-DOF vibration stress with aging stress, respectively. Through comparing the statistical results of this two tables, it can be concluded that 6-DOF vibration stress with aging stress has little impact on the cell polarization resistance, while it affects the ohmic resistance, OCV recovery, thermal measurement and capacity of cells, respectively.
VII. CONCLUSION
An experimental test bench, which not only provides 6-DOF vibration stress but also conducts the aging test, was established for analyzing the degradation of lithium-ion battery under external factors. This paper concentrates on the characterization of lithium-ion cells under six-DOF vibration stress considering driving conditions. The cells were conducted four types of tests (vibration test with aging test, aging test, vibration test and static test). The results exhibit that the cells operated under vibration stress show a larger ohmic resistance, a higher release of heat, a lower rate of OCV recovery and a higher rate of capacity degradation than the cells under aging and others. Moreover, the internal impedance of each cell is also changed because of vibration stress.
As for EIS, #A Cell and #B Cell display more changes than #C Cell and #D Cell between initial and after 200 cycles.
In addition, #B Cell shows a smaller slop than #A Cell, and #A Cell exhibits a larger semicircle than #B Cell. Meanwhile, there is no obvious changes in distorted semicircle, however, a bigger semicircle occurs to #A Cell. #C Cell and #D Cell shows the small variances of internal impedances between the vibration test and static test for 200 cycles. That the changes about kinetic and mass transfer may have taken place can account for these differences between #A Cell and #B Cell. According to analysis of variance (ANOVA), these characteristics were compared statistically to determine the impact of the vibration stress with aging on cells. It can be concluded that vibration stress with aging has little impact on the cell polarization resistance, however, it effects the ohmic resistance, OCV recovery, thermal measurement and capacity of cells, respectively.
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